͒ grown on a silicon substrate have been measured using ultraviolet photoemission and inverse photoemission spectroscopies in the same UHV chamber. The combination of these two techniques has enabled the direct determination of the oxide energy gaps as well as the offsets of the oxide valence-and conduction-band edges from those of the silicon substrate. These results are supplemented with synchrotron x-ray photoemission spectroscopy measurements allowing further characterization of the oxide composition and the evaluation of the silicon substrate contribution to the spectra. The electron affinity has also been systematically measured on the same samples. We find reasonably good agreement with earlier experiments where assumptions regarding energygap values were needed to establish the conduction-band offsets. The systematics of our photoemission and inverse photoemission results on different ultrathin films provide a comprehensive comparison of these related systems.
I. INTRODUCTION
The continual scaling of metal-oxide-semiconductor fieldeffect transistors ͑MOSFET's͒ to smaller dimensions requires not only smaller area devices but a thinner oxide layer between the metal gate and the semiconductor channel in order to maintain high capacitance in the device. Historically, SiO 2 has been the oxide of choice because it forms an abrupt interface with Si that can be fabricated with an extremely low density of electrically active defects and thus allows high channel mobility. However, as the required thickness of SiO 2 extends below 1 nm, the resultant large leakage current that occurs across the oxide results in intolerably high power consumption and unacceptable heat loads. A recently successful approach to addressing these problems is to replace the SiO 2 gate oxide with an alternative dielectric that has a high dielectric constant ͑high ͒. Such a structure maintains a high capacitance while lowering the leakage current. However, most high-dielectrics, such as HfO 2 , ZrO 2 , and their silicates, have much smaller band gaps than those of SiO 2 . This property makes the alignment of the valence-band edges and conduction-band edges of the dielectric and semiconductor, as well as the alignment of the dielectric's band edges with the Fermi level of the metal gate, a critical issue. To maintain a low leakage current and small effective oxide thickness, large band offsets ͑at least 1 eV͒ with the silicon substrate at both the valence-and the conduction-band edges are required. 1, 2 Figure 1 schematically illustrates the alignment between conduction-band edges and valence-band edges for a highdielectric film grown on a Si substrate. 3 Typically, when a high-dielectric is grown on Si, there is an unavoidable interfacial SiO 2 layer ͑5-10 Å͒. In our discussion, we will refer to the valence-band and conduction-band offsets of the high-material with respect to the silicon substrate band edges as the VBO and CBO, respectively. Another important parameter is the electron affinity of the oxide ͑͒, which is the energy difference between the measured bottom of the conduction band and the vacuum level. In general as the SiO 2 band gap is larger than that of most high-dielectrics, it is difficult to obtain direct information about the band edges of the interfacial SiO 2 layer. However, in most cases the SiO 2 layer is thin enough for electrons to tunnel through it, so that the most relevant band offsets are effectively the ones between the high-layer and the silicon substrate.
There have been a large number of studies aimed at determining band alignment between high-films and the underlying Si substrate. One class of measurement uses the electrical properties ͑CV and IV͒ of MOS test structures and extracts band offset information by modeling the electrical response. Such approaches usually assume an effective work function, a density of fixed charges in the dielectric and sometimes an interface dipole. Spectroscopic approaches to the band alignment problem have concentrated on photoconductivity ͑PC͒ and internal photoemission ͑IntPE͒ measurements, where the photon-induced current across an MOS device structure is measured as a function of photon energy. In these spectroscopies, it is exceedingly difficult to extract electronic structure information other than the band offsets, which themselves are not obtained directly from the raw photocurrent signal. Moreover, as these spectroscopies are based on electrical measurements, they require a metal overlayer on top of the oxide gate which can modify the properties of the stacks. In photoemission spectroscopy, the energy of spectroscopic features attributed to the valence-band edges of the semiconductor and the high-dielectric overlayer are compared to a common reference. In this way, it is possible to examine the valence-band offsets in a direct way. However, information about conduction-band offsets is not attainable as spectroscopic features in photoemission reflect the density of occupied electronic states.
Alternative spectroscopic approaches to determining the energy of the conduction-band edge in high-materials include x-ray absorption spectroscopy ͑XAS͒ and electronenergy-loss ͑EEL͒ features in core-level photoemission spectroscopy. In XAS, the optical absorption of a sample is measured as the photon energy is swept through the energy range for excitation of a core electron. Under favorable circumstances, the spectroscopic line shape in the near-edge region reflects the unoccupied density of states near the excited atom. However, as XAS arises from an optical transition, dipole selection rules enable one to probe only the density of unoccupied states with appropriate symmetry. In addition, as the excited atom contains a core hole, the density of states being probed could be modified from that of the ground state. Although electron-energy-loss spectroscopy ͑EELS͒ can in principle give a direct measurement of a gap, EEL features in core-level spectroscopy are notoriously weak, typically an order of magnitude or more weaker than the primary core-level photoemission feature, and broadened by lifetime effects. Moreover, the edge is riding on a background generated by other transitions in the spectrum, and the resolution is limited by lifetime broadening in the corelevel spectrum.
While the above discussion does not attempt to address all possible methods of determining band offsets, efforts to determine both conduction-band ͑CB͒ and valence-band ͑VB͒ offsets typically require the use of parameters from the literature, such as the oxide band gap, to complement experimental results. This is of particular concern because for high-dielectric films, all of the properties of interest, the energy gap, the VBO, and the CBO, can vary as a function of sample preparation, including film growth technique, history of thermal treatment, and ultimately the quality of the film. Moreover, as high-dielectric films are notoriously sensitive to electron-and photon-beam effects, particular care must be exercised in obtaining spectroscopic information.
In this paper, we present the results of a combined ultraviolet photoemission spectroscopy ͑UPS͒ ͑to probe the occupied electronic state͒ and inverse photoemission spectroscopy ͑IPS͒ ͑to probe the unoccupied electronic states͒ study of a series of high-dielectric films grown on Si substrates. Our objective is to measure directly the band gap and band offsets ͑with respect to the substrate Si͒ of these films in a single experimental chamber. From these measurements, we can determine both the valence-band and conduction-band densities of states, as well as extract the electron affinity of the oxide film. In addition, we have performed synchrotronexcited soft x-ray photoemission studies of the same samples in an effort to characterize the shallow core levels of these systems and investigate the chemical state of the films and interface. We have also explored the role that factors such as sample charging and ͑photon-or electron-͒ beam effects have on the reliability and reproducibility of such spectroscopic measurements.
Measurements 
II. EXPERIMENTAL METHODS

A. Spectroscopic techniques
The majority of measurements presented here were obtained using a single ultrahigh vacuum experimental chamber that housed instrumentation for both UPS and IPS. The base pressure of the chamber was less than 5 ϫ 10 −10 Torr. Valence-band photoelectrons were excited using a Leybold Heraeus helium discharge photon source ͑He I: 21.2 eV; He II: 40.8 eV͒ and energy analysis of the emitted electrons was performed in an angle-integrated mode using a doublepass Phi 15-255G cylindrical mirror analyzer ͑CMA͒. The axes of the photon source and the CMA formed a 90°angle and the sample normal was oriented midway between the two. By applying a −5 V bias to the sample under exposure to He I radiation, the entire width of the photoemission spectrum could be measured and the binding energy of the valence-band maximum ͑VBM͒ with respect to the vacuum level determined. From this information and a direct measurement of the energy gap, the electron affinity ͑͒ of the oxide was determined.
Inverse photoemission spectra were obtained using a grating spectrometer, described elsewhere, 4 which was mounted on the same experimental chamber. Briefly, a well-collimated beam of monoenergetic electrons ͑either at 20.3 or 23.3 eV in this study͒ was directed toward the sample along the surface normal. The electrons couple to high-lying unoccupied states and a subset relax via a direct optical transition to low-lying unoccupied states in the conduction band, emitting a photon in the process. The photons were dispersed by a concave spherical diffraction grating and detected by a microchannel plate with position sensitive resistive anode encoder. With this approach, the intensity of photons as a function of photon energy reflects the density of unoccupied states in the conduction band. Moreover, as both the incident electron energy and the range of measured photon energy can be varied with this instrumentation, cross-section effects can be used to improve spectra analysis. In contrast to our UPS measurements, IPS spectra obtained with a well-collimated electron beam, such as that employed here, are in principle momentum resolved and for single-crystal samples would probe a very restricted portion of the bulk Brillouin zone of the sample. In our case, however, the high-films are essentially amorphous or polycrystalline and thus our gap measurements are unaffected. VB and CB are both calibrated using the Fermi level of a gold sample. The overall energy resolution for the UPS and IPS is estimated to be Ϯ0.1 eV.
Shallow core-level and valence-band photoemission spectroscopy have also been performed on the U5UA beamline at the National Synchrotron Light Source. 5 Photoelectrons were collected with an Omicron 125 mm hemispherical electronenergy analyzer with an angular resolution of Ϯ1°oriented along the sample normal. The photon beam impinged on the sample at an angle of 45°. Spectra were taken at a 150 eV photon energy, with an instrumental energy resolution of 0.1 eV. The pressure in the analysis chamber was always better than 1 ϫ 10 −10 Torr. The position of the core levels was calibrated using the Fermi level measured on a silver foil that was in electrical contact with the sample.
Electron spectroscopic measurements of large gap oxides is challenging owing to constant concern about energy shifts or broadening owing to sample charging. To minimize these effects in this study, all of our samples consisted of thin oxide layers ͑15-30 Å͒ and great care has been taken to evaluate the charging effects in UPS and IPS. A sequence of short ͑ϳ30 s͒ scans, during which no charging could be detected, alternated with short ͑ϳ1 min͒ 600°C anneals between scans, as well as low photon and electron fluxes, were enough to prevent or compensate for charging in our UPS and IPS work. For the synchrotron-excited core-level spectroscopy, no evidence of charging was observed. At least two samples, obtained from the same Si wafer, were measured for each dielectric. The difference obtained for each sample, with the same preparation conditions, was at most 0.1 eV, which is within our overall experimental resolution. Note that owing to the different doping of the silicon substrates used for oxide growth in this work, we have chosen to refer all x-ray photoemission spectroscopy ͑XPS͒, UPS, and IPS spectra with respect to the midgap position of silicon ͑taken as 0.6 eV above the silicon valence-band maximum͒.
B. Sample treatment
All of the dielectric films measured in this study were grown on single-crystal Si͑100͒ surfaces and transported in air to our spectroscopy chambers. Thin films in the thickness range of 15-30 Å of HfO 2 , Hf 0.7 Si 0.3 O 2 , SiO 2 , ZrO 2 , and Al 2 O 3 were examined. Details regarding film preparation are outlined in Sec. III. Upon insertion into the experimental chamber, the samples were cleaned by resistive heating to about 600°C for several minutes. This treatment has proved to be critical in order to avoid the appearance of spectral features within the band gap of the dielectric during measurements, most likely owing to reaction between adsorbed species and the dielectric film that were induced by the IPS electron beam. An example of this effect is shown in Fig. 2 for a 15 Å HfO 2 film grown on Si. The black curves in Fig.  2 are a UPS spectrum of the VB and an IPS spectrum of the CB. For display purposes, the maximum intensities of these curves were normalized to the same height. The UPS spectrum of the valence band shows a sharp rise near −4 eV, associated with the onset of the O 2p levels of the HfO 2 valence band. Similarly, the IPS spectrum of the conduction band shows a sharp increase near 2 eV associated with the location of the HfO 2 conduction-band maximum ͑CBM͒. However, as indicated by the red spectra, when the sample is exposed to a low-energy electron beam ͑about 20 eV͒ prior to annealing, spectroscopic intensity appears between the valence-band and conduction-band edges of the dielectric. As further annealing does not remove this intensity, we attribute it to electronic states induced by an irreversible reaction of adsorbed species with the oxide surface. In our studies, the samples were always well degassed before any spectroscopic measurements were attempted. Furthermore, we followed a measurement sequence of performing UPS, followed by IPS, followed by a second UPS spectrum to ensure that the IPS electron beam did not induce any spectroscopic changes to the sample.
Another concern when working with oxides is the chemical reduction of the oxide surface region during UHV annealing or under an incident electron beam ͑e.g., when acquiring Auger electron spectra͒. We did not find any noticeable changes during our XPS, UPS, and IPS measurements. The intensity ratio of the O 2s core level to either Hf 4f, Si 2p, Zr 4p, or Al 2p core level was monitored upon anneals and during photon-beam exposure and remained unchanged. We also annealed our samples to higher temperatures in order to create visible stoichiometric or structural changes, as monitored by changes in core level or valence-band line shape. We saw no modification of the spectra until temperatures well above the value of 600°C used in this study.
C. Band-edge determination
Experimental spectra from oxide films grown on silicon substrates often exhibit spectral intensity in the energy range of the oxide band gap. It is critical to determine whether such emission is: ͑a͒ associated with bona fide band-gap states associated with imperfections in the oxide film ͑which can have important implications for its electrical performance͒, 6 ͑b͒ caused by the reaction of adsorbed species with the film as mentioned above, or ͑c͒ simply emission from the Si substrate on which the film was grown. We want to clarify this point for our spectra. Figure 3 shows a soft x-ray spectrum obtained from a well degassed sample comprised of a 20 Å film of SiO 2 grown on the Si͑100͒ surface obtained with a photon energy of 150 eV. The valence band is shown as well as the bottom part of the Si 2p 3/2 component of the core level. ͑Here the contribution from the Si 2p 1/2 component has been removed from all oxidation states assuming a 0.6 eV spin-orbit splitting and a Si 2p 1/2 to Si 2p 3/2 ratio of 0.5.͒ A weak but sharp feature at −99.2 eV shows the Si 2p 3/2 line associated with Si 0 atoms in the underlying semiconductor substrate. Similar to the UPS spectrum in Fig. 2 , the valence band shows a sharp rise at ϳ5 eV associated with the oxide valence-band minimum. In contrast to the clean spectrum in Fig. 2 however, this VB spectrum exhibits substantial intensity to a binding energy of ϳ0.5 eV. The energy difference between the onset of valence-band emission at ϳ0.5 eV and the location of the Si 0 peak is precisely the energy difference between the Si 2p 3/2 core level and the VB edge of elemental Si. 7 This is strong evidence that the emission in the oxide band gap observed for this system is not associated with defects in the oxide film or at the oxide/Si interface but rather is simply emission from the underlying Si substrate.
In our XPS, UPS, and IPS spectra, the use of thin dielectric films results in contributions from both the valence and conduction bands of the substrate Si. To determine the band edge of the dielectric, we account for this extra emission by assuming a linear contribution from the silicon substrate. While in principle it might be preferable to subtract the appropriately scaled line shape of the elemental Si valence band, typically the substrate contribution is so small that a linear assumption does not introduce a significant error.
An example of this procedure is illustrated in Fig. 4 , which contains XPS and He II UPS spectra of the valence band and IPS spectra of the conduction band ͑with intensity maxima normalized to the same height͒ from a 15 Å HfO 2 film on Si͑100͒. The zero of energy is referenced to the silicon midgap. For samples excited by He II radiation ͑h = 40.8 eV͒, the contribution to the photoemission spectrum from the substrate silicon valence band is extremely small and ignoring it would not lead to significant error. Simplifying matters, the rapidly rising edge emission from the HfO 2 oxygen 2p states is also well fitted with a linear function. We define the HfO 2 valence-band edge as the intersection of the fit to the silicon substrate with the fit to the more obvious HfO 2 edge. This fitting procedure, applied to the XPS or UPS valence-band spectra, gives the same result for the edge position ͑with an error estimated to be Ϯ0.1 eV, comparable to the experimental error of the energy scale͒. Here we measure the HfO 2 valence-band edge at 3.3 eV below the silicon midgap. On the CB side, the contribution of the substrate is relatively more significant and thus the fit is needed to avoid significant error ͑about 0.3 eV͒. The oxide CB edge is found 2.4 eV above the silicon midgap. Using this procedure to obtain the energy of the band edges, the oxide gap is measured to be 5.7 eV.
When the sample is excited by 150 eV photons, electrons ejected from the valence band have kinetic energies in the range of ϳ135-145 eV. In contrast, Si 2p core-level photoelectrons are ejected with kinetic energies in the range of 50 eV. Owing to the different inelastic mean free paths for electrons in these two kinetic energy ranges, the valence-band portion of the photoemission spectrum is more bulk sensitive than the Si 2p core-level region is. As the silicon substrate is buried 15-30 Å beneath the oxide surface, even when the valence band of the underlying silicon is visible, the Si 2p core level is often a very weak spectral feature and does not always allow precise determination of the amount of band bending in the Si.
In this study, the valence-and conduction-band offsets are extracted from the oxides band edges and from the silicon valence-band position, measured as described above. In most cases, the position of the Fermi level measured experimentally on a metallic sample in contact with the high-/ Si stacks was different from its expected position based on the known resistivity of our silicon substrates. This apparent downward band bending in the silicon substrate will be discussed later. Electron affinity ͑͒ measurements have also been performed using the He I UV source with a −5 V bias on the sample. The total width of the spectrum, W, is extracted using a linear extrapolation of the data to the background intensity level at both the high-and low-kinetic-energy ends of the spectrum. The electron affinity is then obtained as
where h is the photon source energy and E gap is the experimentally measured gap of the high-dielectric film.
III. RESULTS AND DISCUSSION
A. Overview Figure 5 contains a series of soft x-ray photoemission survey spectra obtained from each of the samples studied in this work. Oxide valence-band features and core-level lines from the dielectric are evident. The Si 2p core-level region is dominated by a peak at ϳ103.7 eV, which is indicative of Si in the 4+ oxidation state and is characteristic of the SiO 2 interfacial layer or of the dielectric overlayer in the case of SiO 2 . The relative intensity of this peak varies from spectrum to spectrum for several reasons. For the SiO 2 sample, clearly Si 4+ ions are present up to the surface and thus a large intensity is expected. The HfO 2 and Hf 0.7 Si 0.3 O 2 films are both ϳ15 Å thick, but the spectrum from the silicate shows a larger Si 2p core level because, once again, there is Si throughout the film. The Si 2p peak is particularly weak in the ZrO 2 spectrum as the thickness of this film is ϳ24 Å, significantly larger than those of the hafnium-based films. In the Al 2 O 3 case, the film is again ϳ24 Å. However the Si 2p core level appears smaller owing to a combination of rescaling to accommodate the intense Al 2p core-level feature and because the Al 2p line generates a significant background of inelastically scattered electrons. In addition to the Si core level, the spin-orbit-split Hf 4f doublet is clearly visible, as are the Hf͑Zr͒ 5p͑4p͒ and Zr 4s levels. These oxide core levels will be useful in establishing oxidation and chemical states in our subsequent discussion. Finally, while the O 2s feature is present in all spectra, it is nearly overwhelmed by the Hf 4f levels in the Hf-containing compounds and will not be used extensively in our analysis. In our discussion below, we will examine these core levels in detail, particularly with regard to their energy separation from valence-band features. Figure 6 shows the UPS and IPS spectra of the valenceband and conduction-band regions, respectively, of the five dielectric films measured in this work. For all spectra, the zero of energy has been aligned with the midgap of the sili- con substrate. While all of the photoemission spectra show a strong rising edge near 4 eV binding energy associated with the O 2p levels of the dielectric, the IPS spectra show more variation. A strong edge is seen at about 2 eV above the Fermi level for the Hf-and Zr-containing compounds, while the increase in intensity corresponding to the conductionband minimum is less obvious for SiO 2 and Al 2 O 3 . This is primarily owing to the presence of unoccupied Hf 5d or Zr 4d levels in the transition-metal compounds. These levels have a large cross section for optical transitions in the energy range used in these experiments. In contrast, the conduction bands of SiO 2 and Al 2 O 3 are comprised primarily of Si or Al 4s and 3p orbitals, which exhibit much weaker transitions. 8, 9 The linear fits used to determine the VBM and CBM in each case is shown in Fig. 6 , and the energies of these edges with respect to the silicon midgap, as well as the resultant measured band gaps, are indicated. In Secs. III B and III F, these spectra and their relationship to those obtained with soft x-ray synchrotron radiation are discussed.
B. SiO 2
The SiO 2 sample used in this study was a 20 Å thermal oxide grown on an n-doped Si with a resistivity of 70 ⍀ cm −1 , which places the Fermi level of the substrate 0.78 eV above the Si valence-band maximum. The measured Fermi level is found 0.7 eV above the silicon valence band, which given our experimental error of 0.1 eV on the energy scale is close to the value of the substrate.
The soft x-ray excited photoemission spectrum from the SiO 2 sample, shown in Fig. 5 , indicates the relative intensity of the Si 2p core level and the VB emission: A strong and well defined peak at 103.7 eV, which is characteristic of the 2p 3/2 core level of Si 4+ , dominates the spectrum so that the SiO 2 valence band appears artificially small. Also shown in Fig. 7 is the valence band obtained at 150 eV photon energy compared to the valence band obtained with He II radiation at 40.8 eV photon energy ͑dashed curve͒, rescaled in intensity so that the low-binding-energy peaks coincide. This comparison re-emphasizes that the valence-band spectrum obtained by UPS is more surface sensitive than the soft x-ray one, so that the underlying silicon contribution is essentially absent.
The SiO 2 valence band ͑Fig. 7͒, primarily of O 2p character, 10 possesses a sharp edge on the high-energy side, and the position of the valence-band maximum is easily determined to be 5.1 eV with respect to the silicon midgap. Given the position of the Si VB at −0.6 eV, the SiO 2 / Si valence-band offset is 4.5 eV. As mentioned above, the conduction band is a mixture of Si 4s and Si 3p contributions and, rather than being composed of a single abrupt edge, exhibits two intensity changes with different slopes. The IPS spectrum of SiO 2 / Si shown in Fig. 6 displays an initial linear increase attributed to emission from the Si substrate, then an additional change in slope near 4 eV, followed by a more significant rise at ϳ6 eV as indicated by the straight line fits in Fig. 6 . After subtraction of the substrate contribution, the SiO 2 conduction-band edge is located 3.8 eV above the Fermi level, giving a gap of 8.9 eV. With respect to the Si CBM, the SiO 2 / Si conduction-band offset is calculated to be 3.3 eV. These quantities are compared to previously quoted values from the literature that were obtained using different methods including XPS, [11] [12] [13] [14] energy loss, 11 IntPE, 15 and spectroscopic ellipsometry ͑SE͒ in Table I . By measuring the width of the photoemission spectrum from a biased sample using He I radiation, the electron affinity of this SiO 2 film is measured to be 1.3 eV.
C. HfO 2
The HfO 2 sample studied here was 15 Å thick and was grown at IBM by atomic layer deposition ͑ALD͒ on a p-doped Si with a resistivity of 1 -2 ⍀ cm −1 . This places the Fermi level of the Si substrate at 0.22 eV above the valenceband maximum. Our spectroscopic data were complemented with medium-energy ion scattering ͑MEIS͒ measurements ͑not shown͒ which found a slightly oxygen-rich composition for the film ͑HfO 2.15 ͒ as well as a 10 Å SiO 2 interfacial layer. The measured Fermi level was found 1.0 eV above the silicon valence band, indicating a strong band bending in the silicon substrate. The soft x-ray survey scan in Fig. 5 shows that the Hf 4f core-level emission dominates the photoemission spectrum. For this sample, no signal from the silicon bulk was visible as the total oxide thickness ͑hafnia+ interfacial oxide͒ was 25 Å, compared to 20 Å for the SiO 2 sample. In the XPS spectrum in Fig. 8 the Si 2p peak from this sample, at 102.6 eV below the silicon midgap, is shifted to slightly lower binding energies than what was found for the pure SiO 2 film. These low-binding-energy features are associated with Si suboxides at the interface between the silicon substrate and the HfO 2 . The Hf 4f contribution to the spectrum is from the Hf 4f 5/2 and Hf 4f 7/2 core levels, which can be fitted with two Voight line shapes at 19.2 and 17.5 eV, respectively, both with an energy width of 1.0 eV ͑1.0 eV Gaussian and 0.2 eV Lorentzian͒. These values are comparable to those previously reported in the literature. 17 The electronic structure of HfO 2 is characteristic of a transition-metal oxide. The valence band is primarily of O 2p character ͑with a small admixture of Hf 5d character͒. Similar to the case for the SiO 2 , under excitation by He II radiation, there is essentially no substrate emission observed in the energy range of the dielectric band gap. A linear fit to the high-energy side of the valence emission puts the valence-band edge at 3.3 eV below the Fermi level. Given the position of the substrate VB, the HfO 2 / Si VBO is calculated to be 2.7 eV. In contrast to the valence band, the IPS spectrum shows some intensity attributable to the substrate. However, the oxide conduction band is dominated by Hf 5d states, resulting in an onset of intensity whose edge, when the Si contribution is removed, is determined to be 2.4 eV above the Fermi level. This value gives a CBO with silicon of 1.9 eV and a band gap of 5.7 eV ͑Fig. 6͒.
In Table II , the VBO, CBO, and band-gap results for HfO 2 that we obtain here are compared to values reported in the literature. A quick scan of the table makes it clear that the experimental values quoted for HfO 2 are much more scattered than the accepted values for SiO 2 . One reason for this is that we found the values one obtains for both the band gap and the band offsets are sensitive to the thickness of the HfO 2 film. Measurements we obtained from 30 Å HfO 2 films gave slightly larger gaps of 6.0 eV with VBO's and CBO's of 4.1 and 1.9 eV, respectively. Different growth methods for 15 Å films ͓ALD with O 3 precursor, ALD with H 2 O precursor, and metal-organic chemical-vapor deposition ͑MOCVD͔͒ gave similar values for the band gap and the band offsets as long as the film composition was the same. On the other hand, thermal treatment, particularly to high enough temperature to crystallize the film, can change the values as well. By measuring the width of the photoemission spectrum from a biased sample using He I radiation, the electron affinity of this HfO 2 film is measured to be 2.5 eV.
D. Hf 0.7 Si 0.3 O 2
Similar to the HfO 2 film described above, the Hf 0.7 Si 0.3 O 2 sample studied here was 15 Å in thickness and was grown at SEMATECH by ALD on p-doped Si with a resistivity of 1-2 ⍀ cm −1 . With these parameters, the substrate Fermi level is 0.22 eV above the Si VBM. The measured Fermi level however is found 1.1 eV above the silicon valence band, indicating once again a downward band bending in the silicon substrate. This film also was characterized using MEIS and the results ͑not shown͒ indicate a slightly oxygenrich composition for the film ͑Hf 0.7 Si 0.3 O 2.15 ͒ and a thin SiO 2 interfacial layer ͑ϳ5 Å͒.
The survey spectrum at 150 eV photon energy in Fig. 5 shows that, although this hafnium silicate film has the same thickness as the HfO 2 sample, the Hf 4f to Si 2p ratio has clearly decreased. Close-up spectra of the Si 2p and Hf 4f core levels and the VB of the silicate are shown in Fig. 9 . The centroid of the Si 2p oxide peak is shifted toward lower binding energies at 102.1 eV ͑referenced to the silicon midgap͒ as a consequence of the silicon hafnium intermixing. The Hf 4f 5/2 and Hf 4f 7/2 core levels can be fitted by Voight line shapes centered at 19.1 and 17.4 eV, respectively, with a 1.0 eV width ͑1.0 eV Gaussian and 0.2 eV Lorentzian͒. This value is close to the HfO 2 position and is still in good agreement with previous measurements of similar hafnium-rich silicates. 17 Despite the proximity of the Si ions, the core Hf 4f level is expected to be shifted toward higher binding energies by less than 0.1 eV at 102.1 eV ͑referenced to the silicon midgap͒. 17 The Hf 0.7 Si 0.3 O 2 electronic structure can be compared to that of SiO 2 and HfO 2 . Its valence band is of O 2p character and its shape is not too different from that of HfO 2 , just slightly shifted toward higher binding energy to 3.4 eV. Compared to SiO 2 , the conduction-band edge of Hf 0.7 Si 0.3 O 2 has a sharp edge characteristic of the Hf 5d contribution and is found at 2.6 eV. The gap value is found between the two limits SiO 2 and HfO 2 as 6.0 eV.
By obtaining a UPS spectrum using He I radiation and a sample bias of −5 eV, we find the width of the photoemission spectrum from the Hf 0.7 Si 0.3 O 2 sample to be 12.0 eV. Taking into account the band energies detailed above, the electron affinity of our Hf 0.7 Si 0.3 O 2 sample is determined to be 2.8 eV.
E. ZrO 2
While it is useful to compare the band offsets and band gaps of the hafnium silicate to that of the limiting cases of pure hafnium oxide and pure silicon dioxide, it is also important to place our band data in the context of other highdielectric materials. In this spirit, we also measured the electronic structure of a 24 Å ZrO 2 film that was grown by ALD on a p-doped Si with a resistivity of 0.018 ⍀ cm −1 . This doping places the bulk Si Fermi level 0.16 eV above the valence-band maximum, while the measured Fermi level was found 0.9 eV above the silicon VB. MEIS measurements ͑not shown͒ have found good stoichiometry for the dielectric film and revealed the presence of a 10 Å SiO 2 interfacial layer ͑with possibly some ZrO 2 / SiO 2 mixing at the interface͒. Figure 10 shows ͑solid curve͒ a closeup of the valence band and shallow core-level region of the ZrO 2 soft x-ray spectrum in Fig. 5 . The He II UPS spectrum of the valence band is shown as the dashed curve. The Zr 4p feature can be deconvoluted into two Voight lines ͑both components having an energy width of 1.4 eV Gaussian and 0.2 eV Lorentzian͒ attributed to the Zr 4p 1/2 and Zr 4p 3/2 components at 32.0 and 30.4 eV, respectively, in good agreement with previous work. 28 Similar to HfO 2 , the valence band of ZrO 2 is mainly of O 2p character with a small Zr 4d contribution. As was observed for the Hf 0.7 Si 0.3 O 2 spectrum, a significant contribution from the substrate silicon produces an apparent shift of emission from the dielectric valence band in the soft x-ray spectrum to higher energy. Subtraction of the substrate intensity enables a consistent fit to the valence-band edge of both spectra, placing it 3.3 eV below the silicon midgap, giving a VBO of 2.7 eV. The conduction band is strongly Zr 4d in character and a clear edge position is fitted to 2.2 eV, giving a CBO of 1.7 eV. 29 Table III compares these results to other values quoted in the literature. Once again, by measuring the width of the photoemission spectrum from a biased sample using He I radiation, the electron affinity of this ZrO 2 film is measured to be 2.7 eV. the Si 2p peak height measured in the survey spectrum at 150 eV photon energy for Al 2 O 3 with samples for which the thickness is known ͑Fig. 5͒. The Al 2p peak shown in Fig. 11 is comprised of two components, the Al 2p 3/2 and Al 2p 1/2 lines, found at binding energies of 74.4 and 74.8 eV, respectively, with a 1.3 eV Gaussian and 0.2 eV Lorentzian contribution for the width, in good agreement with previous work.
The electronic structure of the valence and conduction bands of Al 2 O 3 is very similar to that of SiO 2 . The highkinetic-energy side of the valence band, which is predominantly of O 2p character, 29 can be fitted with a straight line that indicates the valence-band edge is at 3.8 eV below the Fermi level, which gives a 3.2 eV VBO. For the conduction band, which is primarily a mixture of Al 4s and 3p states, the Al 2 O 3 band edge is fitted using two slopes: the first one from about 2 to 5 eV and the second one above 5 eV ͑see Fig. 6͒ . After subtraction of the silicon background, the position of the conduction band with respect to the silicon midgap is 3.2 eV, giving a 2.7 eV CBO. The measured band gap for this Al 2 O 3 film is 7.0 eV and is very different from the bulk value of 8 eV of the ␣-alumina, illustrating the importance of making these types of measurements on thin films, especially when the gap depends on the method of oxide film growth. 33 These values can be compared to other reported values ͑Table IV͒. Using the method outlined above, the electron affinity is measured to be 2.5 eV.
IV. CONCLUSION
The experimental energy gaps and valence-and conduction-band offsets of different oxides with silicon and electron affinities, as well as the experimentally measured energy gap and electron affinity for silicon, are reported in Table V . As has been discussed in Sec. III for each oxide individually, the values obtained in this study using UPS and IPS are in good agreement with previously reported measurements. The differences among the experimental properties found in the literature can be explained either by the different experimental approaches or by the variability in sample preparation.
An important strength of this work compared to other previous measurements is that both the valence-and the conduction-band edges have been probed in the same UHV experimental chamber. Thus variations that are specific to particular samples such has rigid shifts due to dipole formation or defects state creation due to sample thermal treatment should be the same for both the occupied and unoccupied states. The energy gap, as well as the electron affinity, can be directly obtained on the same samples, thus avoiding the use of literature values obtained from slightly different samples. For consistency, the synchrotron core-level spectroscopy can be compared to the UPS/IPS measurements, using as point of reference the valence-band spectra obtained in these two different experimental systems. The experimental techniques used in this work are particularly well adapted for the study of ultrathin films whose properties can be significantly altered from bulk properties.
One of the striking results of this study is that for all samples, with the exception of SiO 2 , the Fermi level is measured close to the silicon conduction band, far from its expected position according to the silicon doping level. This indicates a strong downward band bending of the silicon band edges for all the high-/ SiO 2 / Si samples. As it is observed only for high-stacks, the silicon band bending could be related to the high-/ SiO 2 interface properties. It has been proposed that band bending of this sort could be explained by the presence of underoxidized and unpassivated silicon at the high-/ SiO 2 interfaces as a consequence of the lowtemperature deposition. 35, 36 This work opens the possibility of studying in situ, passivation methods of these excess charges, as well as their effect on the band alignment across other high-gate stacks.
